Chloroplasts are fundamental organelles in plant cells, within which many metabolic pathways occur. To maintain metabolic activities, a wide range of solutes is transported into and out of chloroplasts (for a review: Weber et al., 2005 1) ). Therefore, wide varieties of transport proteins are expected to be present in the outer and inner envelope membranes of chloroplasts. In addition, recent developments in bioinformatics suggest the presence of these proteins (for the inner envelope membrane (IEM) proteins, see Koo and Ohlrogge, 2002 2) ). In fact, proteomic studies have identified various envelope membrane proteins. [3] [4] [5] [6] However, the number of proteins identified in those studies is smaller than the number of proteins predicted to be in the envelope membranes. In addition, some of the polypeptides were identified in multiple membrane systems. These issues stem from the abundance of these proteins as well as technical difficulties. 7) Hence the localization of unidentified proteins must be determined experimentally either by in vivo expression of green fluorescent protein (GFP)-fused proteins or by an in vitro protein transport assay.
In recent years, GFP and other fluorescent proteins are regarded as valuable tools, and hence are widely used as reporters to determine protein distributions in living cells. Despite the usefulness of these reporter proteins, however, they can be mistargeted due to overexpression. 8) Particularly for membrane proteins, the introduction of a large soluble fluorescent protein domain into a hydrophobic protein can cause the reporter proteins to be distributed in the wrong subcellular or suborganellar compartments. 9) On the other hand, the in vitro protein transport assay has a longer history of use in determining not only the subcellular localization of proteins, but also suborganellar localization in chloroplasts. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] In addition, various translocon components embedded in both envelope membranes, most of which have only one or two TMDs, have been determined as to their localization by this system. [20] [21] [22] [23] [24] [25] [26] However, because proteins with multiple TMDs are difficult to synthesize in vitro, this system is not frequently used for other proteins, with a few exceptions. 27, 28) Firlej-Kwoka et al. (2008) 27) chose the putative IEM proteins with one to nine predicted TMDs based on proteomic studies, and their import behaviors were characterized. Okawa et al. (2008) 28) discribed the IEM targeting of the proteins with six predicted TMDs initially predicted to be localized at the thylakoid membrane.
We found from the Arabidopsis genomic database that At5g19500p is a putative plastidic homolog of EcTyrP. 29) EcTyrP is a member of the hydroxyl/ aromatic amino acid permiase (HAAP) family and a tyrosine:H þ symport permease from E. coli, localized in the cytoplasmic membrane transporting tyrosine from periplasm to cytoplasm. 30) Because chloroplasts are the center of metabolism in plant cells, it is critical to understand the function of At5g19500p: What solutes are transported? In what directions and through what membranes are they transported? What is the mode of transport? As a first step in addresssing these questions, we attempted to determine the localization of At5g19500p by the chloroplastic in vitro protein transport assay. In the assay, to overcome poor production of a highly hydrophobic polypeptide, the transport y To whom correspondence should be addressed. Fax: +81-89-946-9825; E-mail: akita@agr.ehime-u.ac.jp Abbreviations: GFP, green fluorescent protein; IEM, inner envelope membrane; IMS, intermembrane space; OEM, outer envelope membrane; PAGE, polyacrylamide gel electrophoresis; SPP, stromal processing peptidase; TMD, transmembrane domain; UTR, untranslated region substrate was translated in the wheat embryo cell-free system, which is known to synthesize a high yield of translated product at high quality.
31)

Materials and Methods
Cloning of At5g19500 cDNA into an expression vector. The Arabidopsis At5g19500 gene was first cloned into the E. coli expression vector pET21a(þ) (Merck, San Diego, CA) to construct pET21a::At5g19500, as follows: The At5g19500 gene was amplified from At5g19500 cDNA in pUNI51, which was obtained from the Arabidopsis Biological Resource Center at The Ohio State University (stock no.: U67328) using primers 5 0 -GGAGATATACATATGTCTG-TGTC-3 0 (forward, adds an NdeI site) and 5 0 -CAACTAGAAGGCAC-3 0 (reverse, adds the 3 0 -untranslated region (UTR) from pUNI51 containing a SalI site). Because there is another NdeI site in At5g19500, two fragments, NdeI-NdeI (fragment 1) and NdeI-SalI (fragment 2), were produced from amplified DNA by digestion with NdeI and SalI. After fragment 2 was ligated to the NdeI-SalI fragment from pET21a(þ), the resulting plasmid was further digested by NdeI and ligated to fragment 1. Because the cell-free system used in this study was designed for expression under the control of the SP6 promoter, the vector was switched from pET21a(þ), which utilizes the bacteriophage T7 expression system, to pEU8c, in which the omega sequence derived from tobacco mosaic virus was placed downstream of the SP6 promoter to enhance in vitro translation. Before switching of the vector, the XbaIXhoI fragment from pET21a::At5g19500 containing the At5g19500 gene and the 5 0 and 3 0 UTRs were ligated to the XbaI-XhoI fragment of pSCodon1.2 (Delphi Genetics, Charleroi, Belgium) to construct pSCodon1.2::At5g19500. Then two amplified products, one from pSCodon1.2::At5g19500, which was generated by primers 5 0 -AACT-AACTGATCATATGTCTGTGTCTCTAA-3 0 (forward) and 5 0 -TAA-TTATAACCCGGGCTTTGTTAGCAGCCG-3 0 (reverse), and the other from pEU8c, which was generated by primers 5 0 -TGCTAA-CAAAGCCCGGGTTATAATTACCTC-3 0 (forward) and 5 0 -CATAT-GATCAGTTAGTTATGTAGTTGTAGA-3 0 (reverse), were connected by recombination using the In-Fusion enzyme (Clontech, Mountain View, CA). The resulting plasmid was designated pEU8c::At5g19500.
In vitro transcription and translation. The template for mRNA transcription was prepared from pEU8c::At5g19500 by gene amplification using two primers (5 0 -CCGCACAGATGCGTAAGGAG-3 0 forward primer and 5 0 -GCATTGGTAACTGTCAGACC-3 0 reverse), starting upstream of the SP6 promoter and ending about 1.5 kb downstream of the stop codon. The At5g19500 mRNA was in vitro transcribed from the amplified template using an AmpliScribe SP6 High Yield Transcription Kit (Epicentre Biotechnology, Madison, WI). The resulting mRNA was then used for in vitro translation by a wheatembryo extract (WEPRO1240, CellFree Sciences, Yokohama, Japan) in the presence of radio-labeled amino acids ( 31) The translation reaction was incubated at 26 C for 2 h.
Preprotein import into chloroplasts. Intact chloroplasts were isolated from pea seedlings (Pisum sativum cv. Tsurunashiamaiendou, obtained from Tohoku Seed, Utsunomiya, Japan) that were grown for 8-12 d under 14 h light at 24 C/10 h dark at 20 C conditions, as previously described. 32) After isolation, the chloroplasts were suspended in import buffer (I-buffer: 50 mM HEPES-KOH, pH 8.0, 330 mM sorbitol) at a chlorophyll concentration of 1 mg/mL, and kept on ice in the dark for more than 1 h to deplete endogenous ATP and degrade starch. Then 30 mL of the chloroplast suspension was mixed with 9 mL of 250 mM ATP, 4.5 mL of 1 M MgCl 2 , and 31.5 mL of I-buffer, and the mixture was incubated at 25 C for 5 min in the dark to energize the chloroplasts. Fifteen mL of the cell-free synthesized translation mixture diluted 2-fold with double-concentrated I-buffer was then added to energized chloroplasts to initiate the transport reaction, which was incubated at 25 C for 30 min in the dark. Due to the addition of the translation product, the final concentrations of ATP and MgCl 2 in the transport mixture were 2.5 mM and 5 mM, respectively. Intact chloroplasts were reisolated through a 40% Percoll cushion by centrifugation (1;500 Â g, at 4
C for 5 min), and washed once with I-buffer. Chloroplastic proteins were solubilized in 20 mL of SDS-polyacrylamide gel electrophoresis (PAGE) sample buffer.
33)
Post-transport protease treatment. After recovery through a Percoll cushion, followed by a wash, the chloroplasts were treated with either thermolysin or trypsin, as previously described, with some modifications. 34 ) Double amounts of thermolysin (1.6 mg/mL) were added for protease treatment, and aprotinin was omitted from the protease inhibitor cocktail.
Subfractionation of chloroplasts. The transport reaction was performed in a 360-mL reaction mixture, scaled up from the 90-mL reaction described above. Lysis of the chloroplasts and subsequent subfractionation were performed following a previous report, with various modifications. 32) After precipitation through a 40% Percoll cushion, followed by a wash, the chloroplasts were suspended in 126 mL of HM buffer (25 mM HEPES-KOH, pH 8.0, 2 mM MgCl 2 ) to lyse them hypotonically, and then they were incubated on ice for 10 min in the dark. An aliquot (18 mL) was taken as the total fraction, to which 4.5 mL of 5-fold concentrated SDS-PAGE sample buffer was added.
33) The rest of the lysis mixture was adjusted to 0.2 M sucrose with HM-2 (25 mM HEPES-KOH, pH 8.0, 2 mM MgCl 2 , 2 M sucrose), and was layered on top of a sucrose step gradient of 1.2 M (600 mL), 1.0 M (690 mL), and 0.46 M (690 mL). All sucrose solutions were prepared in HM buffer. The sucrose step gradient was centrifuged in a swing rotor, S55S (Hitachi Koki, Tokyo, Japan) at 55,000 rpm (259;000 Â g) for 1 h at 4 C with the centrifuge brake off. After centrifugation, the sucrose gradients were collected from the top, as follows: 200 mL (saved as the soluble fraction), 310 mL (discarded), 700 mL containing the interphase of 0.46 and 1.0 M sucrose (saved as the mixed-envelope membranes), and the rest (discarded). Proteins in the soluble fraction were precipitated by adding 80% acetone and stored at À80
C for at least 1 h. After the precipitates were recovered by centrifugation at 15,000 rpm for 15 min at 4 C, the dried precipitates were suspended in 40 mL of SDS-PAGE sample buffer. The mixed-envelope membrane fraction was diluted 3-fold with HM buffer and further centrifuged in a S55S rotor at 34,000 rpm (approximately 100;000 Â g) for 45 min at 4 C with the centrifuge brake off. The pellet was collected and resuspended in 40 mL of SDS-PAGE sample buffer.
33) The green precipitates after sucrose gradient centrifugation were washed once with I-buffer, and the final precipitates were suspended in 200 mL of SDS-PAGE sample buffer.
Electrophoresis, fluorography, and immunoblotting. The samples (20 mL in sample buffer) were heated at 50 C for 30 min to reduce and denature the proteins, and were loaded on gels for protein separation by SDS-PAGE. 33) To detect radioactivity, the proteins in the gels were fixed in 25% ethanol and 10% acetic acid fixer for 15 min at room temperature and washed with deionized water for another 15 min. After the gels were dried, the radioactivity in the gels was detected with image analyzer FLA-7000 (GE Healthcare Life Science, Piscataway, NJ). To verify subfractionation of the chloroplasts, immunoblotting was performed as described previously by a colorimetric method. All primary antibodies used in this study were rabbit polyclonal antibodies, and were a gift from Dr. Keegstra, except for antibodies against the D1 protein of photosystem II (AS05 084-10, purchased from Agrisera, Vännas, Sweden). The secondary antibody, anti-rabbit IgG conjugated with alkaline phosphate (4751-1506), was purchased from KPL (Gaithersburg, MD). Fluorographic images and the scanned images of blots were quantified by UN-SCAN-IT gel ver. 6.1 (Silk Scientific, Orem, UT).
Results
In silico analyses of a putative chloroplastic amino acid transporter
We searched the bacterial transporter homolog carrying an amino terminal extension sequence for a plastidic amino acid transporter in the Arabidopsis genome based on the following features of plastids: they are thought to have originated from photosynthetic bacteria in a symbiotic event, 35) and a majority of plastidic proteins are synthesized with the targeting signals at their amino termini. 36) Because amino acid transporters from E. coli are well-studied and their functions have been welldocumented, the amino acid sequences of E. coli amino acid transporters were used as queries. When the amino acid sequence of EcTyrP 37) was subjected to a blastp search limited to the Arabidopsis data (http://www.ncbi. nlm.nih.gov/BLAST/), the putative protein encoded by At5g19500 exhibited the highest degree of homology, carrying an amino terminal extension (25.6% homology and 49.2% similarity excluding the amino terminal extension of At5g19500p) (Fig. 1) . The UniProt (http: //www.uniprot.org) 38) database entry for EcTyrP indicated 11 TMDs (Fig. 1) . On the other hand, At5g19500p was also predicted to have 11 -helices according to the ConPred II 39) analysis shown in the plant membrane database ARAMEMNON (http://aramemnon.botanik. uni-koeln.de/). 40) By aligning the amino acid sequences of At5g19500p and EcTyrP with ClustalW2.0, 41) these -helices are found to be located at positions similar to the TMDs of EcTyrP (Fig. 1) . The amino terminal extension of At5g19500p is rich in hydroxylated amino acid residues and contains few acidic amino acid residues at its amino terminus (Fig. 1) . These features are characteristic of plastid targeting signals. 42) In addition, an analysis of the amino terminal part of the At5g19500p sequence with the SigConsens program 43) indicated that At5g19500p is most likely present in plastids. This prediction also appeared in ARAMEMNON. Based on these analyses, At5g19500p appears to be a protein with eleven TMDs that is targeted to plastids.
In vitro protein targeting of At5g19500p into chloroplasts
The subcellular localization of At5g19500p is crucial in understanding its role in plant cells. When we searched the SubCellular Proteomic Database (SUBA: http://suba.plantenergy.uwa.edu.au/) 44) for reports of the subcellular localization of At5g19500p from in vivo imaging or proteomic studies, no information was found (data not shown). Hence, we attempted to determine the subcellular localization of At5g19500p by the in vitro chloroplastic protein transport assay. We prepared two types of At5g19500p for use as transport substrates; one was the full-length protein (designated prAt5g19500(FL)p), while the other was a carboxyterminal truncation (deleting amino acid residues 219 to 493) that contained the first three TMDs (designated prAt5g19500(III)p) (Fig. 2) . Both proteins were obtained by cell-free synthesis in the presence of 35 Slabeled Met and Cys using extracts from wheat embryos (Fig. 3, lanes 1 and 5) .
31) The cell-free synthesized precursors were mixed with isolated chloroplasts in the presence of 2.5 mM ATP to initiate the in vitro protein transport assay. After incubation at 25 C for 30 min, intact chloroplasts were reisolated through a 40% Percoll cushion. Chloroplastic proteins were solubilized in the sample buffer and separated by SDS-PAGE, followed by the fluorography. Single smaller bands (indicated by a filled arrowhead) were observed in addition to the precursors (indicated by an open arrowhead) (Fig. 3, lanes 2 and 6) . Because thermolysin digests proteins exposed on the outer surfaces of chloroplasts, 45) proteolytic treatment with thermolysin after the transport reaction was performed to verify the import of both At5g19500 proteins into chloroplasts resulted in the production of smaller bands. The majority of precursors that bound to chloroplastic surface, whether specifically or nonspecifically, were eliminated, and the smaller bands were protected by chloroplasts (Fig. 3, lanes 3 and 7) . Based on these results, we concluded that both precursor forms of At5g19500 proteins were imported into chloroplasts and were processed to their mature forms (designated mAt5g19500(FL)p and mAt5g19500(III)p).
Suborganellar localization of transported proteins
Because chloroplasts have three membrane systems, consisting of the outer and inner envelope membranes and the thylakoid membrane, we attempted to determine the suborganellar localization of At5g19500p by trypsin 32) treatment. Unlike thermolysin, trypsin can penetrate through the outer envelope membrane (OEM) and reach the intermembrane space (IMS). Thus trypsin digests proteins at both surfaces of the OEM and IMS and at the outer surface of the inner envelope membrane. 46) Both precursors were sensitive to trypsin, while the mature forms were resistant (Fig. 3, lanes 4 and 8) . On the other hand, Toc75, the integral OEM protein, was degraded by trypsin treatment (data not shown). Based on these results, we concluded that the mature forms were localized at one of the following sites: the IEM, the stromal space, or the thylakoid.
To locate the processed proteins more precisely, chloroplasts were subfractionated into three parts by sucrose density step-gradient ultracentrifugation after they were lysed hypotonically. After ultracentrifugation, the soluble fraction, the mixed-envelope membranes, and the thylakoid were collected (Fig. 4) . A majority of the mature forms were recovered in the mixed envelope membrane (Fig. 4A, lane 4) . The mature forms were also recovered in the thylakoid (Fig. 4A, lane 5) . In the case of the full length of At5g19500p, mAt5g19500(FL)p was also observed in the soluble fraction (Fig. 4A, lane 2) . To verify fractionation, mock-imported chloroplasts were also prepared in parallel. Proteins in each fraction were separated by SDS-PAGE and analyzed by immunoblotting with antibodies raised against various chloroplastic proteins. By far most of a stromal protein, Hsp70, 47) was recovered in the soluble fraction (Fig. 4B, lane 2 , under ''Hsp70''). D1, a core component of Photosystem II in the thylakoid membrane, 48) was found only in the thylakoid (Fig. 4B, lane 4 , under ''D1''). As was the Two types of At5g19500p, the full-length protein (At5g19500(FL)p) and a carboxy-terminal deletion with three TMDs (At5g19500(III)p), were applied as a transport substrate in the in vitro chloroplastic preprotein import assay. The filled strip corresponds to a predicted TMD, shown in Fig. 1 . Roman numerals inside the filled strip indicate the order of TMDs from the amino terminus. TP indicates a transit peptide. A, After the transport reaction with At5g19500(FL)p (upper panel) and At5g19500(III)p (lower panel), followed by the reisolation of chloroplasts through a 40% Percoll cushion and a wash, the chloroplasts were lysed hypotonically. Lysed chloroplasts (Ch; lane 2) were layered on top of a sucrose step gradient, which was ultracentrifuged for 1 h as described in ''Materials and Methods.'' The sucrose gradient was collected in four parts from the top, and the first and third fractions were saved as the soluble fraction (Sol; lane 3) and the mixed-envelope membranes (Env; lane 4). Precipitates containing the thylakoid was also recovered (Thy; lane 5). Twenty mL of these fractions were loaded on the gel and separated by SDS-PAGE, followed by a fluorogram. One percent of the translation products subjected to the import reaction are indicated as TR (lane 1). Assuming 30% of chloroplasts were lost during the reisolation process of chloroplasts through a 40% Percoll cushion and a subsequent wash, samples, Ch, Sol, Env, and Thy contained the equivalents of 12, 36, 36, and 7.2 mg chlorophyll equivalent of chloroplasts, respectively. The positions of the precursor (pr) and mature (m) forms of At5g19500(FL)p and At5g19500(III)p are indicated by an open arrow and a filled arrow, respectively. B, Mock-transported chloroplasts were also prepared and fractionated as described in panel A. After SDS-PAGE, immunoblotting was performed with polyclonal antibodies against antigens Tic110, Toc75, Hsp70, and D1. C, The intensities of the bands observed in the mixed-envelope membrane and the thylakoid representing processed At5g19500p on the fluorogram (panel A, lanes 4 and 5) and the chloroplastic proteins on the blots (panel B, lanes 3 and 4) were analyzed by UN-SCAN-IT gel ver. 6.1, then the values obtained were adjusted by dividing by the mg chlorophyll equivalent of chloroplasts loaded on the gel (36 mg for the mixed-envelope membrane and 7.2 mg for the thylakoid). Finally, the ratio of the adjusted value from the thylakoid against that from the mixedenvelope membrane (Thy/Env) was calculated, and is shown in this panel.
case for At5g19500p, both an OEM protein, Toc75, and an IEM protein, Tic110, were recovered in the mixedenvelope membranes and the thylakoid (Fig. 4B , lanes 3 and 4, under ''Toc75'' and ''Tic110''). This result is consistent with previous observations, in which the envelope membranes of pea chloroplasts were found to be contaminated with the thylakoid, while the thylakoid was not contaminated with the envelope membranes after suborganellar fractionation. 32, 49, 50) Because the chloroplasts were not treated with protease prior to lysis, precursors bound at the chloroplastic surface (Fig. 3,  lanes 2 and 6 and Fig. 4A, lane 2) were distributed at the same fractions as envelope membrane proteins. Although the mature forms of At5g19500p were recovered in the IEM, the presence of mAt5g19500(FL)p in the thylakoid (Fig. 4A, lane 5 ) and the soluble fraction (Fig. 4A,  lane 3) indicates the possibility that At5g19500p is also targeted to the thylakoid. In comparing the ratio of the adjusted quantified values of the thylakoid against those of the mixed-envelope membranes, the numbers for mAt5g19500(FL)p and mAt5g19500(III)p were 2.3 and 2.7, respectively, similar to those for Tic110 and Toc75 (2.4 and 2.5, respectively). These results indicate that extra amounts of mature forms were not recovered in the thylakoid. Hence, we concluded that At5g19500p was integrated into the IEM. The presence of mAt5g19500(FL)p in the soluble fraction has yet to be investigated, but it will be discussed in the following section.
Discussion
Protein localization is a key to understanding the functions of individual proteins within the cell. The subcellular distributions of proteins are predicted by a dozen different prediction programs and determined by at least three different methods: proteomic techniques, in vivo imaging of fluorescent protein-fused proteins expressed in living cells, and in vitro protein transport using isolated organelles. Each procedure has its advantages and disadvantages. In Arabidopsis, a growing number of protein distribution datasets are combined and stored in the database SUBA II. 44) Membrane proteins have critical cellular functions in transport, signaling, and enzyme activity. Although proteins are identified directly by proteomic studies, the number of proteins identified by such studies is much smaller than the number predicted due to their abundance and technical difficulties. 7) Searching ''transporter'' by SUBA II under the following conditions, ''predicted to be in plastids'' or ''experimentally demonstrated to be in plastids,'' 443 gene products were found (Fig. 5) . On the other hand, 414 gene products were found when the search terms ''predicted to be in plastids'' and ''experimentally demonstrated to be in plastids'' were used. Sixty-six gene products were identified by proteomic studies of plastids. However, 28 of these 66 gene products were also identified in other membrane systems. The localization of seven out of 28 gene products was determined using GFP-fused proteins, and two of the gene products were found to be plastid-targeted. Twentynine gene products, equal to the difference between 443 and 414 gene products, are not predicted to be found in plastids, but three of these gene products were found to be localized in plastids by GFP expression studies. In addition, information on the suborganellar localization of proteins in chloroplasts in the six compartments present is insufficient. The large amount of information on protein distribution is indeed valuable, but the localization of membrane proteins of interest must be examined individually.
Chloroplasts are important organelles in amino acid metabolism, which is thought to have originated from photosynthetic bacteria. By applying the bacterial genomic information, we identified the gene product of At5g19500 as a putative chloroplastic amino acid transporter homologous to EcTyrP, a tyrosine-specific transporter from E. coli.
29) The six species of cyanobacteria were found to encode the EcTyrP homologs, and all of the putative EcTyrP homologs in these cyanobacterial species exhibited highest degree of homology to At5g19500p (data not shown). In order to characterize At5g19500p, first we attempted to determine both the subcellular and the suborganellar localization of At5g19500p by an in vitro preprotein transport assay, since no information on the distribution of this protein By searching SUBA II under the conditions ''transporter,'' ''predicted to be in plastids'' or ''experimentally demonstrated to be in plastids,'' 443 gene products were found. When the conditions were changed to ''transporter,'' ''predicted to be in plastids'' and ''experimentally demonstrated to be in plastids,'' 414 gene products were found. This indicates that these 414 gene products were predicted to be plastid localized by at least one of the 10 predictors (Incl. Plastid). Twenty-nine, equal to the difference of 443 and 414, plastid-related transporters were not predicted to be in plastids (Excl. Plastid). Each set of gene products can be divided into four categories based on proteomic studies, as follows: found only in plastids (Plastid), found in plastids and more than one other membrane system (Plastid & Others), found in at least one other membrane system except for plastids (Others), and not found in any reports (No Report). Each category was further divided into three subcategories based on the expression of GFP-fused proteins, as follows: GFP fluorescence observed in plastids (Plastid), in other organelles besides plastids (Others), or no data available (No Report).
was given in any databases. Although At5g19500p was predicted to have 11 TMDs, its targeting to chloroplasts and integration into IEM were successfully demonstrated. Our success was largely dependent on obtaining the precursor protein. One of the major advantages of the cell-free protein synthesis in wheat embryo system developed by Madin et al. 31) is that this system enables efficient synthesis of high-quality proteins in quantity. 31, 51) Before we applied this cell-free protein synthesis system, At5g19500(FL)p could not be synthesized in vitro (data not shown). Despite our success, however, the translation efficiency of At5g19500(FL)p was lower than that of At5g19500(III)p (Fig. 3 , compare lane 1 with lane 5). This finding indicates that increasing the number of TMDs lowers the translation efficiency. Higher numbers of TMDs might lower transport efficiency as well. After 30 min of the transport reaction, about 1% of the input was transported into the chloroplasts, regardless of whether full-length or truncated At5g19500p was used in the in vitro protein transport assay (Fig. 3 , compare lanes 1 and 2 and lanes 5 and 6). Although we did not make direct comparisons, the transport of AtTic40, one of the translocon components in the IEM with a single TMD and a large hydrophilic domain, was more effective. 52) One of the advantages of the in vitro protein transport system is that the targeted proteins can be analyzed to determine their suborganellar localization by differential protease treatments. 45, 46) Our protease treatment after protein transport (Fig. 3 ) and sucrose step-gradient ultracentrifugation (Fig. 4) revealed that At5g19500p was imported into chloroplasts and integrated into the IEM.
Protease treatments are also applied to determine the topology of membrane proteins. 53) This topological information is important in determining the direction of solute transport and the mode of integration into the membrane. Because the shikimate pathway is located in chloroplasts synthesizing aromatic amino acids that are the key precursors for various secondary metabolites, such as lignins, flavonoids, and alkaloids, that have important roles in plant defense mechanisms and stress responses. 54) Therefore, aromatic amino acids are expected to be exported from chloroplasts. However, no transporter has been identified to export these amino acids. Based on the similarity between EcTyrP and EcMtr, a tryptophan-specific transporter from E. coli, 37, 55) the amino terminal part of EcTyrP is predicted to face the cytoplasm. Because EcTyrP and EcMtr transport amino acids into the cells, in order to export these amino acids, the amino terminal part of At5g19500p might face the IMS. Although the effectiveness of trypsin digestion was verified by the degradation of Toc75 (data not shown), the mature form of At5g19500p was not digested by trypsin (Fig. 3) , despite the fact that the amino acid sequence of At5g19500p has longer intervals between 2nd and 3rd TMDs and 7th and 8th TMDs, within which Lys and Arg are present (Fig. 1) . Future study determining the substrate specificity of At5g19500p and the topology of At5g19500p should solve these speculations.
Currently two pathways are proposed for integration of proteins into the IEM: ''stop-transfer'' and ''postimport.'' 27, 52, 56) In the stop-transfer pathway, the IEM proteins are laterally released from the IEM translocon. 27) On the other hand, in the post-import pathway, IEM proteins are fully translocated through the translocons to reach the stromal space, and are then targeted toward the IEM. 26, 52) The presence of mAt5g19500(FL)p in the soluble fraction indicates the post-import pathway, but it is difficult to explain the absence of soluble mAt5g19500(III)p. In the stop-transfer pathway, At5g19500(FL)p might loosely associate with IEM, prior to TMDs start to incorporate into the IEM once after the targeting signal is cleaved. As described above, higher numbers of TMDs might lower transport efficiency. They might also affect the integration of proteins into the IEM. Hence some part of mAt5g19500(FL)p might still be loosely associated, which might be released from the IEM during the lysis of chloroplasts. Within the amino terminal extension sequence of At5g19500p, there is an acidic-amino-acid-rich cluster (Fig. 1) . This cluster might contribute to the loose association by electrostatically interacting with lipids or other IEM proteins. Charged amino acid residues play an important role in determining the topology of membrane proteins. 56) We are currently trying to determine the role of this cluster.
